
Received: 15 August 2024 Revised: 13 November 2024 Accepted: 8 December 2024

DOI: 10.1002/jex2.70027

RESEARCH ARTICLE

Brain penetration of peripheral extracellular vesicles from
Alzheimer’s patients and induction of microglia activation

Hermine Counil Rummenigge Oliveira Silva Jean-Michel Rabanel,

Charlotte Zaouter Mohamed Haddad Mohamed Raâfet Ben Khedher,

Davide Brambilla Tamas Fülöp Shunmoogum A. Patten Charles Ramassamy

1INRS, Centre Armand-Frappier Santé
Biotechnologie, Laval, Quebec, Canada
2School of Pharmaceutical Sciences, Faculty of
Medecine, University of Ottawa, Ottawa, Ontario,
Canada
3Higher Institute of Biotechnology of Beja,
University of Jendouba, Beja, Tunisia
4Université de Montréal, Faculté de Pharmacie,
Pavillon Jean-Coutu, Montréal, Quebec, Canada
5Research Center on Aging, Graduate Program in
Immunology, Faculty of Medicine and Health
Sciences, University of Sherbrooke, Sherbrooke,
Quebec, Canada

Correspondence
Charles Ramassamy, INRS, Centre
Armand-Frappier Santé Biotechnologie, 525,
boulevard des Prairies, Laval, QC, Canada. Email:
charles.ramassamy@inrs.ca

Funding information
Research Chair Louise & André Charron on
Alzheimer’s disease; Foundation Armand-Frappier

Abstract
Alzheimer’s disease (AD) is an age-related neurodegenerative pathology. Brain-
derived extracellular vesicles (EVs) have been demonstrated to be implicated in AD
pathogenesis by facilitating the propagation of Tau, amyloid-β and inflammatory
cytokines.However, the impact of peripheral EVs (pEVs) inADpathogenesis remains
poorly investigated. The objective of our study was to compare the passage of pEVs
from adults, cognitively healthy elderly, and AD patients through the blood-brain
barrier (BBB), to evaluate their uptake in the brain and to assess their impact on the
microglia activity using in vitro and in vivo models. To this end, pEVs were enriched,
characterized, and fluorescently labelled. The passage of pEVs through the endothe-
lial bEnd.3 cells was studied in a Transwell device with either neuronal or microglia
cells seeded at the bottom of the well. Following the internalization of pEVs fromAD
patients, microglia adopted an amoeboidmorphology and released a heightened level
of pro-inflammatory cytokine IL-6. To further assess their in vivo transport across
the BBB, pEVs were injected into the blood circulation of 2-days post-fertilization
Tg(flk:EGFP) zebrafish. The biodistribution of pEVs was monitored at 1 and 24 h
post-injection using confocal microscopy. We demonstrated that pEVs traverse the
BBB by transcytosis and subsequently diffuse progressively into the brain. pEVs were
then internalized by neuronal and radial glial cells as seen in Tg(huc:EGFP) and
Tg(gfap:EGFP) zebrafish, respectively. Additional experiments were performed with
the intrahippocampal injection of pEVs in the mouse, indicating their spreading
throughout the brain and their uptake by neuronal and glial cells. These findings
contribute to novel insights into the fate of pEVs following their passage through
the BBB in vitro and in vivo, and demonstrate for the first time that pEVs from AD
patients affect microglia activity. This suggests a potential mechanism through which
peripheral tissue cues may contribute to AD pathogenesis.
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 INTRODUCTION

Alzheimer’s disease (AD) is an age-related neurodegenerative disease affecting more than 55 million people worldwide with a
projected prevalence of 139 million in 2050 (Gauthier, 2022). The clinical diagnosis relies on progressive cognitive impairments,
memory loss and mood disorders (Hardy, 2006). The neuropathological hallmarks of AD include two misfolded proteins: the
amyloid-β peptide (Aβ) and the phosphorylated Tau protein, associated with neuroinflammation (Hardy & Selkoe, 2002; Heneka
et al., 2015). Neuroinflammation is recognized to play an instrumental role in AD pathogenesis (Heneka et al., 2015). It could
precedeAβdeposition (McGeer&McGeer, 2013) and approximately two thirds of newAD-risk single-nucleotide polymorphisms
were found to be expressed in microglial cells (Marioni et al., 2018), the innate and resident immune cells in the brain. In AD,
microglia might have a double-edged sword role. At the early stages, it may exert a protective effect by promoting Aβ clearance,
then play a detrimental role with a progressive switch from homeostatic to disease-associated microglial phenotype (Butovsky &
Weiner, 2018). Microglia can spread Aβ (d’Errico et al., 2022) and Tau (Wright, 2021), and produce pro-inflammatory cytokines
such as interleukin IL-6 (Hickman et al., 2008). Low-grade neuroinflammation induced over decades, for instance by Aβ and free
radical accumulation, chronic sleep deprivation, dysbiosis or vascular and metabolic disorders, can gradually cause damage to
the blood-brain barrier (BBB) (Halliday et al., 2016; Nation et al., 2019; Noe et al., 2020). The alteration of the BBB integrity allows
brain inflammatorymediators to reach the periphery, triggering peripheral innate and adaptive inflammatory responses (Le Page
et al., 2018; Šimić et al., 2019). Conversely, metabolic disorders are well documented to trigger peripheral chronic oxidative stress
and low-grade inflammation, which could increase the risk of developing AD and quadruple it in patients with mild cognitive
impairment (Ng et al., 2016). For instance, IL-6 pathway in the brain has been identified as a potential link between cognitive
impairment and peripheralmetabolic alterations inAD (Lyra E Silva et al., 2021). Systemic inflammation and oxidative stress have
been linked to the formation of Aβ, Tau phosphorylation and neuroinflammation, which in turn lead to an increased production
of pro-inflammatory cytokines (Wang et al., 2018; Xie et al., 2021), and may serve as initiating factors in preclinical AD. Our
laboratory and others have demonstrated that inflammatory and oxidative mediators can be disseminated through extracellular
vesicles (EVs) (Haddad et al., 2021; Nielsen et al., 2021; Perrotte et al., 2020).
EVs are a variety of nanoscale membrane vesicles unable to replicate which are released by almost all cell types (van Niel et al.,

2018). Among EVs, exosomes are a population characterized by a size inferior to 200 nm in diametre and a specific biogenesis
pathway. Exosomes are formed intracellularly by endocytic invagination and generated by outward budding at the endosomal
membrane of the multivesicular bodies. Given the lack of specific markers for EVs classification and recognition, the present
study will employ the operational term EVs (Welsh et al., 2024). EVs are composed of a phospholipidic bilayer and cargo includ-
ing lipids, proteins and RNAs which can be delivered to neighbouring or distant cells via different biofluids (van Niel et al., 2018).
Therefore, EVs play an important role in cell-to-cell communication and regulation (van Niel et al., 2018). Once in the intercel-
lular space, they can spread compounds to recipient cells. In the brain, exosomes as well as other small EVs (sEVs) have been
demonstrated to transfer proapoptotic proteins, inflammatory factors, miRNAs promoting neuroinflammation (Ngolab et al.,
2017) and neuronal damages (Pascual et al., 2020). They also participate in Aβ production and oligomerization (Perez-Gonzalez
et al., 2012; Rajendran et al., 2006), disseminate Aβ (Ben Khedher et al., 2023) and Tau (Wang et al., 2017) to neighbouring neu-
rons, which act as ‘seeds’ to amplify the toxic effects of misfolded proteins (Pascual et al., 2020). Additionally, sEV proteins seem
to accumulate in the vicinity of Aβ plaques in AD brains (Rajendran et al., 2006). The injection of EVs released from HEK293-
APP Swe/Ind cells into the dentate gyrus of mice has been demonstrated to impair adult hippocampal neurogenesis (Zheng et al.,
2017). In contrast, the inhibition of exosome synthesis and release in the 5 × FAD mouse model has been shown to decrease the
levels of Aβ1-42, alleviate amyloid plaque load in the brain, and improve cognitive deficits (Dinkins et al., 2014, 2016). While sEVs
are beneficial to the donor cells with the release of toxic compounds, they could be harmful to the recipient cells by propagating
deleterious factors (Pascual et al., 2020; Sardar Sinha et al., 2018), thereby contributing to the development of AD (Counil &
Krantic, 2020).
The role of EVs inADpathogenesismay not be limited to a local influence at the cerebral level but could be part of amore com-

plex and widespread action deriving from peripheral organs. For example, erythrocytes-derived EVs, containing large amounts
of α-synuclein, can cross the BBB and trigger α-synuclein-related pathology (Matsumoto et al., 2017). We have recently demon-
strated that, compared with plasma, plasma-derived EVs from AD patients can carry higher levels of Aβ, Tau, pro-inflammatory
molecules and RAGE (Ben Khedher et al., 2021; Haddad et al., 2021; Perrotte et al., 2020). We also demonstrated that their levels
can be used to discriminate disease stages (Haddad, Perrotte, Landri, et al., 2019). Although numerous studies have investigated
the permeability of the BBB to peripheral EVs (pEVs) circulating in the blood, this question remains largely unsolved. Indeed,
this permeability depends on several parameters, such as their specific molecular cargo and surface decoration by the protein
coronae, which can modify the physiochemical properties of EVs. Likewise, the crossing of pEVs through the BBB has been
shown to vary over 10-fold depending on their origins (Banks et al., 2020) and the level of BBB integrity. For instance, tumour-
derived sEVs can translocate across the BBB by transcytosis (Morad et al., 2019), and EVs released from bone marrow (Ridder
et al., 2014), cancer cells (Zhou et al., 2014) or activated monocytes (Saeedi et al., 2019) can alter the tight-junction proteins as
well as the integrity of the endothelial cells or of the BBB. On the other hand, HEK293T cells-derived EVs can cross through the
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brainmicrovascular endothelial cells (BMECs)monolayer only under stroke-like, inflamed condition (Chen et al., 2016). In some
pathological conditions, EVs have been demonstrated to reach the brain, target cerebral cells (Ridder et al., 2014) and activate
glial cells (Morales-Prieto et al., 2022). However, the crossing of pEVs through the BBB in a bidirectional manner to influence
either cerebral or peripheral tissues remains obscure. Their ability to cross the brain barriers and their brain homing is one of
the most outstanding unsolved issues and involve many concepts, including the implication of size diversity, biological effects,
targeting and cell physiology.
In this regard, we hypothesized that pEVs derived from the serum of healthy adults, AD patients and age-matched control

donors might exhibit different interactions with endothelial, neuronal and glial cells. The first objective of our study was to
investigate whether fluorescently labelled pEVs cross differently the mouse bEnd.3 endothelial cells, used to model the BBB. The
second objective was to examine the differential internalization by neuronal and microglial cells and their effect on microglia
activity seeded at the bottom of the Transwell device. Finally, the passage of pEVs through the BBB was validated in vivo on 2-
days post-fertilization (dpf) transgenic zebrafishDanio rerio Tg(flk:EGFP) line expressing fluorescent-labelled endothelial cells,
and their homing into specific brain cell lines was investigated with the Tg(huc:EGFP) and Tg(gfap:EGFP) lines, fluorescent-
labelled neuronal and radial glial cells, respectively. Furthermore, these findings were validated in a mammalian model through
the injection of pEVs into the mouse hippocampus. Our results highlight the significance of the communication axis from the
periphery to the brain via the translocation of pEVs through the BBB, providing new insights on pEVs brain homing and raising
new questions about the potential impact of pEVs in AD pathogenesis.

 MATERIALS ANDMETHODS

. Study design and participants

Healthy adult donors control (CTL), aged between 18 and 45 years old, without metabolic disorders or drug consumption for
the last two weeks, were recruited at the Institut National de la Recherche Scientifique (INRS). Mild AD (mAD) patients and
age-matched controls (healthy elderly controls, HeC) in the range of 66–88 years old were recruited from the registry of the
memory clinic of the Geriatric Institute of Sherbrooke University. All protocols were approved by the Ethical Committees in
Human Research (protocols #CER-20-582 for INRS, #2019-2877 for Sherbrooke University). Written informed consents were
obtained from all participants before enrolment. Briefly, HeC patients have no history or overt physical signs of atherosclerosis
or inflammation that satisfy the SENIEUR protocol criteria for immuno-gerontological research. The selection of mAD patients
was based on criteria developed by the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA). The global cognitive function of mAD and HeC
patients was evaluated by the Mini-Mental State Exam (MMSE) and the Montreal Cognitive Assessment (MoCA), and by an
extensive neuropsychological examination. Atherosclerosis was assessed by electrocardiogram, carotid and lower leg ultrasound.
Biochemical tests included renal and hepatic function, lipid status, blood cell count, albumin, thyroid hormones and cortisol,
vitamin B12 and folate in erythrocytes. Blood was obtained after overnight fasting in dry tubes and centrifuged at 3000 rpm for
10 min at 4◦C. Sera were stored at −80◦C until analysis.

. Isolation, characterization, and labelling of pEVs

2.2.1 Isolation of pEVs

pEVs were extracted from the serum of CTL (n = 4), HeC (n = 17) and mAD (n = 17) patients according to a protocol based on
a precipitation method using the Total Exosome Isolation reagent (Invitrogen, MA, USA) with some modifications. Briefly, sera
samples were clarified by centrifugation at 10,000 × g for 5 min to remove debris. The supernatant containing the clarified serum
was used for EVs isolation. pEVs were precipitated with the Total Exosome Isolation reagent, then re-suspended and purified by
a series of filtrations and precipitations as previously described (Ben Khedher et al., 2021). pEVs were characterized according to
the Minimal Information for Studies of EVs criteria (Welsh et al., 2024).

2.2.2 Nanoparticle tracking analysis (NTA)

The concentration (particles/mL) and size distribution (nm) profile of pEVs were measured by NTA using a NanoSight NS300
instrument (Malvern Panalytica, UK). Videos were recorded at camera level 14 and the focus wasmanually adjusted. Each sample
was diluted in pre-filtered MilliQ water and dilutions were adjusted to obtain particle concentration per frame between 40 and
90. For each sample, three videos of 60 s were recorded and analysed in batch-processing mode using the NTA 2.3 software
(Malvern Panalytica, UK).
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2.2.3 Transmission electron microscopy (TEM)

TEMwas used for themorphological examination of isolated pEVs. pEVs preparations were suspended in 2% paraformaldehyde
(PFA). Ten microlitres of the mixture were loaded onto a Formvar-carbon coated grid for 5 min. Grids were negatively stained
using 2% uranyl acetate solution for 1 min. The excess fluid was gently removed, and grids were observed using the HITACHI
7100 transmission electronmicroscope (75 kV, Japan) at 1500×–40,000×magnification, and images were captured using a digital
camera (AMT XR111).

2.2.4 Protein quantification

Proteins were extracted using radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris buffer, pH 8, 150 mM sodium
chloride, 0.1% sodium dodecyl sulphate (SDS), 1% Igepal, 1% sodium deoxycholate, 5 mM EDTA, 1% protease and phosphatase
inhibitors cocktail). The total protein concentration was determined by bicinchoninic acid assay (Pierce BCA Protein Assay Kit,
ThermoFisher Scientific, MA, USA) at 562 nm using Synergy HT (BioTek Instruments, Inc., VT, USA).

2.2.5 ELISA assay

The apolipoprotein A-I (ApoA1) levels were determined with a human ApoA1 DuoSet ELISA development kit (R&D Systems,
MN, US) in a 96-well ELISA plate at 450 nm using a microplate reader (Synergy HT, Bio-Tek, VT, USA). ApoA1 levels were
determined with an ApoA1 standard curve within the concentration range of 3.13–200 ng/mL and normalized to the total protein
in the respective wells.

2.2.6 Zeta potential

pEVs were suspended in 1 mL of PBS 1X (dilution 1:500, v/v) and placed in a disposable folded capillary cell on a Zetasizer
Nano-ZS (Malvern Instruments, UK). Measurements were carried out in triplicate at 25◦C.

2.2.7 PKH26 labelling of pEVs

pEVs were labelled with the red fluorescent membrane dye PKH26 (λex 551 nm; λem 567 nm;MIDI26, Sigma, MO, USA). Briefly,
100 μL of fresh pEVs and the PKH26 dye were gently mixed in 250 μL of dilution media for 10 min at room temperature. The
reaction was stopped by adding¼ (v/v) of exosomes-depleted foetal bovine serum (Life Technologies Corporation, NY, USA) for
1 min. Excess of PKH26 was removed by washing in PBS 1X, filtered on a 100 kDa molecular weight filter (Millipore Sigma, MO,
USA) and centrifuged at 3000× g for 15min at 4◦C. The supernatants containing labelled pEVswere collected and kept overnight
at 4◦C before use. The analysis of PKH26-labelled pEVs was performed with the violet side scattering (V-SSC) using the 405 nm
violet laser of the CytoFlex S (Beckman Coulter, CA, USA). The detection threshold for V-SSC was set at 1800 with a gain of 200.
Samples were run with a slow flow rate (10 μL/min) for 2min until the event/second rate was stable and abort rates had decreased
below 5%. The acquisition time was set at 30 s. Data were acquired and analysed using CytExpert 2.0 software (Beckman Coulter,
CA, USA). Gated regions were determined to use unstained pEVs as controls. Relative diametres of pEVs were determined with
standard submicron yellow-green, fluorescent polystyrene beads with 0.2 and 0.5 μm sizes (Bangs Laboratories Inc. Fishers, IN,
USA).

 CELL CULTURE

. Cell seeding in Transwells

For in vitro transcytosis experiments, 2.5 ×105 bEnd.3 endothelial cells (ATCC CRL-2299TM, VA, USA) were seeded in a 6-well
plate on the apical side of the Transwell insert with 1 μm pore diametre and a surface area of 4.67 cm2 (Corning Costar, MA,
USA). The putative effect of FBS concentration (10% and 12%) on bEnd.3 cells permeability was assessed in a 24-well plate with
Transwell insert with 1 μm pore diametre and a surface area of 0.33 cm2 (Corning Costar, MA, USA). Cells were maintained in
a Dulbecco’s Modified Eagle Medium (DMEM) containing FBS (either 10% v/v when incubated alone or with SK-N-SH cells,
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or 12% v/v in the abluminal face when incubated with HMC3 cells), 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 g/mL
streptomycin in a humidified incubator at 37◦Cwith 5%CO2. After confluence, bEnd.3 cells were allowed to build tight-junction
proteins for at least 7 days (Koto et al., 2007). The bottom of the basal compartment was either seeded with 5 × 105 cells/well of
SK-N-SH neuronal cells (ATCCHTB-11, VA, USA) or with HMC3microglial cells (ATCCCRL-3304, VA, USA). Media volumes
were either 1 mL in the apical and 2 mL in the basal compartments for the 6-well plate device, or 0.5 mL in the apical and 1 mL
in the basal compartments for the 24-well plate device. Media were changed every other day for 7–10 days of culture.

. Permeability assays

3.2.1 TEER measurement

The transepithelial/transendothelial electrical resistance (TEER) is the electrical resistance across a cellular monolayer and rep-
resents a very sensitive and reliable index to confirm the integrity of the monolayer. The TEER was measured using the epithelial
voltohmmetre metre equipped with an STX2 electrode set for EVOM2 (World Precision Instruments Inc., FL, USA). The back-
ground value measured on the cell-free inserts was subtracted from the total TEER measurement. The calculation of resistivity
(Ω cm2) was as follows:

TEER = (Resistance (Ω) − Insert Resistance (Ω)) × Surface area
(
cm2)

3.2.2 Dextran FITC

The integrity of the cell monolayer was also assessed 10 days after seeding with the permeability of the Dextran-FITC (10 kDa,
Sigma-Aldrich, MO, USA) as described previously (Rabanel et al., 2020). Briefly, 10 μL of a 1 mg/mL solution of 10 kDa Dex-
FITC was added in a serum-free media without phenol to the apical side of the insert. After 1-h of incubation at 37◦C, 150 μL
of the basal and the apical compartments was collected and analysed in a fluorescent microplate reader, at λex 485 and λem
525 nm (SpectraMax Plus 384 Microplate Spectrophotometer, Molecular Devices LLC, CA, USA). The apparent permeability
index (Papp) was calculated as the following equation:

Papp =
VR ΔCR
Δt SinsCD

with Papp apparent permeability (cm/s); VR, volume of the apical side (cm3),ΔCR, change in concentration in the basal receiving
compartment (μM); Δt, time in seconds (s); Sins, surface of the insert (cm2); and CD, concentration in the apical compartment
(μM).

. Western blotting

20 μg of total protein samples were heated for 5 min at 95◦C in a denaturing buffer containing β-mercaptoethanol and SDS. Sam-
ples were then loaded on a 10% of polyacrylamide gel electrophoresis then transferred to a polyvinylidene difluoride (PVDF)
membrane using the Trans Blot Turbo Biorad system. Then membranes were incubated with 5% skim milk in TBS-T (Tris-
buffered saline Tween) blocking solution for 1-h at room temperature under shaking. Next, membranes were incubated overnight
at 4◦C with primary antibodies. To study the expression of tight-junction proteins by bEnd.3 cells, we used the primary anti-
bodies anti-mouse ZO-1 (1:100, Invitrogen,MA, USA) or anti-rabbit Claudin-5 (1:500, Invitrogen,MA, USA). For pEVs proteins,
membranes were incubated with the primary antibodies TSG101 (1:2500,MyBioSource, CA, USA), CD63 (1:500, Santa Cruz, CA,
USA), ALIX (1:500, Covalab, France), or calnexin (1:500, Santa Cruz, CA, USA). Membranes were then washed three times for
10 min with TBS-Tween 0,1% at room temperature and incubated with the secondary antibodies labelled with HRP anti-rabbit
antibodies (1:5000, Cell Signaling Technology, MA, USA) or HRP anti-mouse antibody (1:1000, Cell Signaling Technology, MA,
USA) for 1-h at room temperature under shaking. After three washes in TBS-Tween 0,1%, proteins were detected by chemilu-
minescence using the ECL substrate and the ChemiDoc XRS + system (Bio-Rad Laboratories, Canada). Total proteins on the
membranes were stained with Coomassie blue.
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. pEVs endocytosis and uptake by bEnd., SK-N-SH and HMC cells

3.4.1 Endocytosis analysis by flow cytometry assay

The endocytosis analysis of pEVs was carried out in a 6-well plate with the Transwell devices (1 μm pores, Corning Costar,
Cambridge, MA), with or without SK-N-SH or HMC3 cells seeded at the bottom. After confluence and establishment of the
integrity of the bEnd.3 cells monolayer, 1 ×1010 pEVs/mL were added to the 1 mL of apical medium without Phenol Red. After
24 h, bEnd.3 cells monolayer, SK-N-SH or HMC3 cells were washed twice with cold PBS. After trypsinization (Trypsin/EDTA
0.25%) at 37◦C for 5 min, the cell suspensions were transferred to 5 mL tubes (Falcon, Corning, NY, USA) and centrifuged at
4000 rpm for 4 min (Sorvall Legend RT+, ThermoFisher Scientific, MA, USA). Cells were then washed with PBS at pH 7.4,
and finally resuspended in 0.5% PFA/PBS. Internalization of PKH26-labelled pEVs was analysed on the BD Fortessa cytometer
(Becton-Dickinson, MA, USA) using Diva software (Becton Dickinson, MA, USA) with the PE channel (λex 551, λem 567 nm).

3.4.2 Endocytosis analysis by immunochemistry assays

The internalization of pEVs by different cell types was confirmed by immunochemistry after 24 h. bEnd.3 and either SK-N-SH or
HMC3 cells were, respectively, seeded on the Transwell device and on pretreated glass slide until confluence. Briefly, 24 h after the
incubation with PKH26-labelled pEVs, cells were fixed with 4% PFA/PBS, then permeabilized with 0.25% vol/vol of Triton X100
in PBS containing Ca2+/Mg2+ (PBS-Ca2+/Mg2+) for 10 min. After three washings with PBS-Ca2+/Mg2+, cells were incubated
for 1-h in a blocking solution composed of 0.25% Tween 20 in PBS (PBS-T)/5% BSA (vol/vol). Then bEnd.3 cells were incubated
for 2 h at room temperature under shaking with the primary antibodies anti-mouse ZO-1 (1:200, Invitrogen, MA, USA) or anti-
rabbit Claudin-5 (1:200, Invitrogen, MA, USA) while the SK-N-SH and the HMC3 cells were, respectively, incubated with the
primary antibody anti-mouse β-III Tubulin (1:200, Sigma-Aldrich, MO, USA) and anti-rabbit Iba1 (1:500, Abcam, UK), followed
by the secondary antibodies anti-mouse CY5 (1:500, Invitrogen, MA, USA) or anti-rabbit Alexa fluor 488 (1:500, Invitrogen,
MA, USA) for 1-h. After three washings with PBS-Ca2+/Mg2+, the nuclei were counter stained with Hoechst 33342 for 10 min
(1:10,000, Invitrogen,MA,USA). After additional washings, cells weremounted on a glass slide using ProlongAntifademounting
medium (ThermoFisher Scientific, MA, USA). Image analysis was performed in 3D using a Zeiss LSM780multiphoton/confocal
microscope (Zeiss, Germany). All the images were analysed with Zen 2.6 software (blue and black editions, Zeiss, Germany).

3.4.3 Live imaging

HMC3 cells were seeded on the 35 mm glass bottom dishes (λ-Irradiated, MatTek Corporation, MA, USA) at the density of
500,000 cells/mL in EMEM 12% with FBS for 24 h. Prior recording, the media was changed for EMEM without Phenol Red and
FBS. After a few minutes of live recording, 1 ×1010 PKH-pEVs/mL from different groups of patients were added and the uptake
was recorded for 3 h. 100 μL of WGA-Alexa 680 conjugated (0.1 mg/mL, W21404, Invitrogen, MA, USA) were added at the end
to visualize cell membranes.

. Toxicity assay

The putative cytotoxic effect of pEVs was assessed on bEnd.3, SK-N-SH and HMC3 cells. Briefly, 2 ×104 cells per well were
seeded in 96-well plates (Corning Incorporated, NY, USA) and incubated for 24 h in a humidified incubator at 37◦C with 5%
CO2. Then the media was changed for a new one without Phenol Red and FBS, and cells were treated with either PBS, H2O2
(1 mM), or different concentrations of fresh pEVs. Cells survival was assessed 24 h after using the Tox-8 Resazurin-based kit
(Sigma-Aldrich, MO, USA) following the manufacturer’s instructions and was determined by spectrophotometry at λex 530 and
λem 590 nm (Synergy HT plate reader, BioTek Instruments, Inc., Winooski, VT, USA). Cell viability percentage was calculated
according to the PBS-treated condition.

. ELISA assay for IL- release by HMC cells

HMC3 cells were seeded in 96-well plates (Corning Incorporated, NY, USA) at the density of 2 ×104 cells per well and incubated
for 24 h in a humidified incubator at 37◦C with 5% CO2. Then media was changed for a new one without Phenol red and FBS,
and cells were treated with either 1 μM of human Aβ1-42 oligomers (oAβ1-42, LifeTein, NJ, US) prepared according to Stine and
colleagues (Stine et al., 2011), 1 μg/mL lipopolysaccharide (LPS L3129, Sigma-Aldrich, MO, USA) or 1 ×1010 pEVs/mL from CTL,
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HeC or mAD patients for 24 h. The levels of IL-6 released in the incubation medium were determined by the DuoSet ELISA
(human IL-6 specific, R&D Systems, MN, US), according to the manufacturer’s instructions. Briefly, aliquots of 100 μL of pure
incubationmedium from control groups and 100 μL of incubationmediumdiluted at 1:10 from the treatedmediumwere dosed by
ELISA. A standard curve was generated within the concentration range of 9.38–600 pg/mL and the optical density was quantified
using a microplate reader (Synergy HT, Bio-Tek, VT, USA) set to 450 nm.

 IN VIVODISTRIBUTION AND BRAIN HOMINGOF pEVS IN ZEBRAFISH LARVAE

. Zebrafish models

Wild-type (WT) Danio rerio, also known as Tupfel long-fin (TL) strain, Tg(flk:EGFP) expressing eGFP, an enhanced green flu-
orescence protein under the control of kdrl promoter regulating the expression of vascular endothelial growth factor receptor 2
(VEGFR-2) in vascular endothelial cells (Jin et al., 2005), Tg(huc:EGFP) expressing eGFP in mature neuronal cells (Park et al.,
2000) and Tg(gfap:EGFP) expressing eGFP in an glial-like population (Raponi et al., 2007) zebrafish were used for these experi-
ments. The zebrafish were maintained at 28◦C and kept under a 12/12 h light/dark cycles at the animal facility of the Laboratoire
National de Biologie Expérimentale (LNBE, Laval, Canada). They were bred according to standard procedure and staged as
previously described (Kimmel et al., 1995). All experiments were performed in compliance with the guidelines of the Canadian
Council for Animal Care and the local ethics committee.

. Intravascular injection of PKH-pEVs

For imaging studies, pigment formationwas blocked by adding 0.003% phenylthiourea (PTU) dissolved in egg water at 24 h post-
fertilization (hpf). Some larvae were incubated with Hoechst 33342 (30 ng/mL, Invitrogen, MA, USA) overnight for nucleus
labelling prior to the injection. For the intravascular injection of PKH-pEVs, 48 hpf larvae were anesthetized with a tricaine
Methanesulphonate (MS-222) solution (100 mg/L), then immobilized on the side in 1.5% low melting point agarose (UltraPure
LMP Agarose, Invitrogen, MA, USA) with 0.0168% of tricaine, in 35 mm Glass bottom Petri dishes (MatTek Corporation, MA,
USA). Zebrafish larvae were injected in the duct of Cuvier using a micropipette (Borosilicate Glass Micropipette with filament,
1.0 mm OD, 0.75 mm ID, 10 cm length, Sutter Instrument, USA) pulled on a Flaming/Brown Micropipette Puller Model P97
(single-line program with heat 340, filament 4, velocity 32, and delay 200, Sutter Instrument, USA). Volumes of injection were
controlled by the measurement of droplet size in mineral oil. The total blood volume of zebrafish at 2 dpf has been estimated to
be 60 nL (Craig et al., 2012), so the blood volume is not altered upon injection of 4.5 nL. The positioning of the micropipette was
controlledwith amanualmicro-manipulatorMN-153 (Narishige, ZeissCanada Ltd., Canada). The injection pressure, volume and
length were controlled with a nanoinjector FemtoJet 4i (Eppendorf, Germany). After injection, larvae were maintained at 28◦C
and only those maintaining robust heartbeat were selected. The BBB integrity at 2 and 3 dpf was confirmed by injection of either
10 kDa Rhodamine B-Dextran or 2 MDa FITC-Dextran. Confocal imaging was performed on a LSM780 confocal microscope
(Leica, Germany) using 10×, 20× and 40× objectives. Images were analysed using Zen 2.6 Blue and Black (Zeiss, Germany), and
Imaris software (Oxford Instruments, UK).

. Pharmacological inhibition of exosomes release

To confirm that the signal related to PKH-pEVs originated from the exogenous injected EVs and not from newly formed
endogenous vesicles, a pharmacological inhibition of exosome release was induced on some zebrafish larvae. In this regard,
we used Manumycin A, an inhibitor of Ras farnesyltransferases involved in exosomes release, and GW4869, an inhibitor of
membrane neutral sphingomyelinase, involved in exosome biogenesis. Zebrafish larvae were treated with either DMSO (0.5%)
or Manymicine A (200 μg/mL) combined with GW4869 (4 μg/mL) in DMSO (0.5%) for 2 h at 28◦C, then PKH-pEVs were
intravenously injected.

 STEREOTAXIC INJECTIONOF pEVS AND THEIR IN VIVODIFFUSION IN THEMOUSE
BRAIN

WTC57BL/6Jmouse strainwas purchased from the Jackson Laboratory (JAX,ME,USA).Mice were housed at the animal facility
of the LNBE (Laval, Canada) with littermates and free access to food and water under a 12-h light/day cycle. Animal procedures
were performed under the guidelines of the Canadian Council for Animal Care and the local ethics committee.
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A total of 2×109 PKH-pEVs fromCTL patients or 3 μL of PBSwere stereotaxically injected in the CA1 area of the hippocampus
of 12-month-oldmice, using the following coordinates: anteroposterior−2.00mm;mediolateral± 1.8mm; dorsoventral−1.5mm.
Micewere sacrificed 30min or 1-h post-injection, and intracardially perfusedwith PBS followed by 4%PFA. Brains were removed
and fixed in 4% PFA at 4◦C for 24 h, followed by immersion in 15% sucrose for 12 h, and finally in 30% sucrose until total
immersion. Brains were snap-frozen with isopentane and conserved at −80◦C. For immunohistological staining, coronal brain
cryostat sections (20 μm) were first washed 3 times with PBS-Ca2+/Mg2+, and blocked for 1-h with a solution of PBS, 5% BSA,
0.25% Tween-10 at room temperature. Brain slices were incubated with the primary antibodies anti-rabbit GFAP (1:1,000, Sigma-
Aldrich, MO, USA) and anti-mouse Neun (1:1000, Chemicon International, CA, USA) overnight at 4◦C. Then, the slices were
incubated for 2 h with the secondary antibodies anti-rabbit Alexa Fluor 488 (1:2000, Invitrogen, MA, USA) and anti-mouse CY5
(1:1000, Invitrogen, MA, USA). The nuclei were counter-stained with Hoechst 33342 for 10 min (1:10,000, Invitrogen, MA, USA).
The brain slices were finally mounted on a glass slide using Prolong Antifade mounting medium (ThermoFisher Scientific, MA,
USA). Image analysis was performed in 3D using a Zeiss LSM780 multiphoton/confocal microscope (Zeiss, Germany). All the
images were analysed with Zen 2.6 software (blue and black editions, Zeiss, Germany).

 STATISTICAL ANALYSIS

Data are presented asmean± SEMand the normality of each distributionwas evaluated prior statistical analysis. All comparisons
between two groups used a student’s t-test for paired samples unless otherwise noted with Prism 10 (GraphPad Software Inc,
USA). One-way analysis of variance was used for experiments with three ormore comparison groups. For significant differences,
p-values were presented such as *p ≤ 0.5; **p ≤ 0.05; ***p ≤ 0.005; ****p ≤ 0.0005.

 RESULTS

. pEVs isolation and characterization from human subjects

All groups included individuals of both sexes. Demographic, clinical and biochemical (blood cholesterol and glucose levels) data
from HeC and mAD patients are shown in Figure S1. CTL subjects were significantly younger than the other two groups, free of
any metabolic disease, and cognitively normal. MMSE and MoCa scores were significantly lower in mAD as compared to HeC.
Total cholesterol levels were significantly higher in mAD than in HeC, whereas glucose levels were similar in both groups.
The TEM images pointed to cup-shaped morphology reminiscent of the presence of a lipid-rich layer compatible with EVs

morphological features with a size below 200 nm, which could correspond to exosomes (Figure 1a). More detailed NTA analysis
revealed that the size of EVs ranged from 50 to 300 nm (Figure 1b). The size distribution of pEVs was similar between CTL and
HeC, but their number decreased with age for the vesicles comprised between 100 and 300 nm (Figure 1c). Interestingly, the pEVs
number and size varied with the age and health status, especially for pEVs between 50 and 150 nm in diametre (Figures 1c,f).
Remarkably, in themAD group the size distribution analysis pointed to higher numbers of pEVs between 50 and 150 nm (1.9-fold
more than CTL and 4.5-fold more than HeC) (Figures 1d,e,f). Conversely, the number of pEVs greater than 150 or 200 nm was
lower in mAD compared to HeC or CTL.
The total pEVs protein is similar in all three groups (Figure 1g). Proteins involved in exosome biogenesis such as ALIX, TSG101

andCD63were highly expressed in pEVs, whereas Calnexin, the negative control, was expressed only in SK-N-SHneuroblastoma
lysate and human CTL serum, thus attesting pEVs enrichment (Figure 1h). Contamination of albumin (Figure 1i) and ApoA1
(10.39–13.77 ng/mL for pEVs vs. 4.5 ×104 –5.4 ×104 ng/mL for sera) was minor (Figure 1j). The zeta potential of the pEVs from
CTL was on average −19.42 mV, indicating an anionic state in the optimal range and suggesting that the enrichment procedure
did not alter their property. Of note, with increasing age, the zeta potential was less negative and was significantly lower in
HeC than in CTL (Figure 1k). However, pEVs HeC presented a more positive charge on their surface (−11.95 mV) than pEVs
mAD (−15.03 mV). This difference in the zeta potential did not affect the percentage of labelling of pEVs (23.41%) with the
PKH-26 probe (Figures 1l,m). As pEVs were isolated from human serum, genetic labelling was not possible. Given that PKH
is a transmembrane dye offering a strong signal, we used PKH26 to conduct our in vitro and in vivo experiments. To confirm
the efficacy of labelling, PKH-pEVs were subjected to degradation with Triton X100, which induces the loss of the PKH-pEVs
signal and validates the absence of free PKH. Only samples without contamination of free PKHwere used for in vitro and in vivo
experiments (Figure 1m).
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F IGURE  Characterization of pEVs isolated from human sera. (a) TEM images. (b)–(f) NTA analysis and concentrations of pEVs stratified by size range
in CTL (n = 4), HeC and mAD patients (n = 17 per group). Differences were analysed by the Mann–Whitney test. (g) Protein concentrations in pEVs were
compared by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (h) Immunodetection of EVs markers Alix, TG101, CD63. Calnexin
was used as a negative control. (i) Total proteins remaining on PVDF membrane after the transfer revealed by Coomassie blue. (j) Levels of ApoA1 in the sera
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F IGURE  (Continued)
and pEVs were compared by ELISA and compared by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (k) Zeta potential was
determined by DLS and compared by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (l) Comparison of the percentage of pEVs
labelled with the fluorescent dye PKH-26, by unpaired t-test. (m) Nanoscale flow cytometry analysis of the pEVs labelled with the fluorescent dye PKH-26,
with and without the addition of 0.2% Triton X100, and analysis of free PKH26 without pEVs. All samples were diluted at 1:1000. Prior statistical analysis, the
normality of each data set was evaluated. Data are expressed as mean ± SEM with *p ≤ 0.5; **p ≤ 0.05; ***p ≤ 0.005; ****p ≤ 0.0005. pEVs, peripheral EVs;
TEM, transmission electron microscopy.

. pEVs pass through endothelial cell monolayer and are internalized by neuronal and
microglial cells

Before assessing the ability of pEVs to cross the endothelial cell monolayer and their subsequent internalization by neuronal or
microglial cells, we first evaluated the potential toxicity of pEVs to bEnd.3, SK-N-SH and HMC3 cells. No toxic effect on any of
the three cell types was observed up to the highest concentration tested (1 ×106 pEVs/cell) (Figure S2). In additional preliminary
experiments, we further verified the establishment of tight-junction proteins between bEnd.3 cells forming the monolayer after
seeding on theTranswell devicewith either neuronal ormicroglial cells seeded at the bottomof the device (Figure S3a).Measuring
the TEER of bEnd.3 cells monolayer every other day, with either SK-N-SH or HMC3 cells seeded at the bottom, indicated that
a plateau was reached after 6 days (265 Ω cm, Figure S3b). The integrity of bEnd.3 cells monolayer was assessed at Day 10 by
measuring the apparent permeability (Papp), which is based on the flux of 10 kDa Dextran FITC across the cell monolayer for 1-h.
For the bEnd.3 cells monolayer cultured with SK-N-SH or HMC3 cells, the Papp was, respectively, between 0.006 and 0.009 cm/s,
which is 2.98 times and 2.45 times less than in the absence of the monolayer (0.018 to 0.023 cm/s, Figure S3c). The observed Papp
was in the same range as previously published data using the same model (Li et al., 2010; Rabanel et al., 2020). As bEnd.3 cells
were cultured with 10% (SK-N-SH) or 12% (HMC3) of FBS, we tested the impact of the percentage of FBS on the Papp. Our data
showed that Papp was not different with 10% or 12 % of FBS (Figure S3d). Finally, the expression and localization of ZO-1 and
Claudin-5 were confirmed on the Transwell by immunohistochemistry and byWestern blotting from cells cultured in T75 flasks
(Figures S3e,f).

The passage of pEVs through the bEnd.3 was first assessed with SK-N-SH cells seeded at the bottom (Figure 2). After 10 days
of culture, 1 ×1010 pEVs/mL derived from either CTL, HeC or mAD patients were added to the luminal compartment for 24 h.
The pEVs did not change the permeability of bEnd.3 monolayer as shown by the Papp assay (Figure 2b). However, after 24 h of
treatment, we found that the TEER was reduced by −42.86% in the presence of pEVs derived from mAD patients as compared
to pEVs obtained from CTL and HeC patients, or PBS condition (Figure 2c). These results suggest an alteration of the bEnd.3
monolayer by pEVs frommADpatients.We have then explored its integrity by assessing the expression of tight-junction proteins
by IHC 24 h after the treatment. IHC data pointed to a fully preserved integrity of the monolayer (Figure 2d). The interaction
of PKH-pEVs with the cell surface of bEnd.3 monolayer and their cellular uptake were analysed by IHC and confocal imaging
(Figure 2e). Twenty-four hours after the addition of pEVs in the luminal medium, flow cytometry demonstrated that PKH-pEVs
were internalized by bEnd.3 cells (in 62.61% to 68.76% of the cells). However, there was no differential uptake between the three
groups of pEVs (Figures 2f,g). Interestingly, PKH-pEVs were found in the perinuclear area of the bEnd.3 cells. The presence
of PKH-pEVs into the luminal and abluminal media was confirmed by nanoflow cytometry, demonstrating that pEVs passed
through the bEnd.3 cells monolayer (Figure 2h). PKH-pEVs were mostly detected in the luminal face and to a lower extent in
the abluminal face.
Subsequently, the interaction of PKH-pEVs with SK-N-SH cells was studied by IHC and confocal imaging. pEVs were placed

either directly with neuronal cells (Figure 3a) or in the luminal chamber with the bEnd.3 cells monolayer on the Transwell
device (Figure 3b). The background related to PKH-pEVs was obtained with PBS treatment (Figure 3c). We first ascertained that
PKH-pEVs interacted with the cellular surface of SK-N-SH cells, with or without the monolayer (Figures 3d,e). PKH-pEVs were
observed on the axons but were seenmore abundantly on SK-N-SH cell bodies. However, the signal related to internalized PKH-
pEVs was lower when the neuronal cells were cultured with bEnd.3 cells, indicating that the endothelial monolayer retained a
certain amount of pEVs. The quantification of the internalization of pEVs by SK-N-SH cells seeded at the abluminal compartment
was carry on by flow cytometry (Figures 3f,g). The engulfment of pEVs by SK-N-SH cells was high following a direct treatment
(i.e., 51.03% of SK-N-SH cells were fluorescent), lower in the presence of the Transwell device (14.07% without cell monolayer)
and even lower (5.07%) in the presence of the bEnd.3 cells monolayer. These results indicate that at least 5% of SK-N-SH cells
have engulfed PKH-pEVs released by the bEnd.3 cells (Figure 3g).
We next studied the passage of pEVs through the bEnd.3 cells monolayer in the presence of microglial HMC3 cells (Figure 4a).

The internalization of PKH-pEVs by bEnd.3 cells and the expression of the tight-junction proteins Clau-5 and ZO-1 were con-
firmed by IHC (Figure 4b). After 24 h of treatment with 1×1010 pEVs/mL extracted fromCTL, HeC ormADpatients, PKH-pEVs
were taken up by bEnd.3 cells and were mostly located in the perinuclear area similar to the localization observed in neuronal
cells. Interestingly, by flow cytometry we observed that in the presence of HMC3 cells, the uptake of PKH-pEVs derived from
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F IGURE  Passage of pEVs through bEnd.3 endothelial cells in the presence of SK-N-SH neuronal cells. (a) bEnd.3 cells were cultured on a Transwell for
10 days with SK-N-SH cells seeded at the bottom, then 1 ×1010 pEVs/mL were added at the luminal side for 24 h. (b) Papp of bEnd.3 cells untreated and treated
with pEVs were compared by ordinary one-way ANOVA. (c) Measurement of the TEER after 24 h of treatment with either PBS or pEVs. Groups were
compared by the Kruskal–Wallis test. (d) Confocal imaging of pEVs (in red, indicated by arrows) internalized by bEnd.3 cells (nucleus in blue, ZO-1 in green).
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F IGURE  (Continued)
(e) Internalization of PKH-pEVs (in red, indicated by arrows) by bEnd.3 cells (nucleus in blue, ZO-1 in green) with their nucleus labelled (in blue) (40×).
(f)–(g) Percentage of bEnd.3 cells internalizing the PKH-pEVs from different groups were quantified by flow cytometry and compared by ordinary one-way
ANOVA. (h) The percentage of PKH-pEVs in the luminal and abluminal media was assessed by nanoscale flow cytometry and compared by the Wilcoxon
matched-pairs signed rank test. Prior statistical analysis, the normality of each data set was evaluated. Data are expressed in mean ± SEM with *p ≤ 0.5; **p ≤

0.05; ***p ≤ 0.005; ****p ≤ 0.0005 with n ≥ 6 per group. pEVs, peripheral EVs.

HeC and mAD patients by bEnd.3 cells was higher (respectively 95.78% and 94.40% of fluorescent cells) compared to the pEVs
extracted from the CTL group (91.03%) (Figures 4c,d).

Direct treatment of HMC3 cells with 1 ×1010 pEVs/mL from CTL patients at 4◦C showed an absence of fluorescence after
1-h, which confirmed an energy-dependent uptake mechanism (Figure 5c). Interestingly, when HMC3 cells were incubated with
PKH-pEVs for 1-h at 37.5◦C, the brightness and the density of the signal were similar to those observed after 24 h of treatment
with SK-N-SH cells (Figures 3d,c). Notably, after 24 h, the signal intensity of PKH-pEVs in HMC3 cells was significantly lower
than the 1-h mark and lower than the intensity observed in bEnd.3 or SK-N-SH cells at 24 h. One-hour post-treatment, HMC3
cells displayed a round shape and were close to each other. However, after 24 h they switched toward an active state and exhibited
an elongated and more complex morphology. PKH-pEVs were observed mostly close to the cellular bodies and on microglial
ramifications.
WhenHMC3 cells were cultured with bEnd.3 cells monolayer on the Transwell device, 24 h after adding PKH-pEVs fromHeC

or mAD patients to the luminal compartment, the uptake of PKH-pEVs by HMC3 cells was lower than with a direct treatment
without the Transwell device (Figure 5d). Moreover, after 24 h, the intensity of the fluorescence was low, suggesting a degradation
of the pEVs and/or the release of free PKH26 probe by themicroglial cells. Interestingly, cells move toward the fluorescent signal,
probably to engulf the PKH-pEVs in the abluminal side (Figure 5d), and their morphology switches from ramified to amoeboid
(Figure 5d). PKH-pEVs were observed at the surface and inside HMC3 cells (Figure 5e).

The interactions between pEVs mAD and HMC3 cells were recorded by live imaging at 37.5◦C (Figure S4). The recording
started a few seconds after the addition of PKH-pEVs mAD (1 ×1010 pEVs/mL, Figure S4a) and lasted for 3 h. The video demon-
strated that while some pEVs remained circulating in the media, others interacted with the cells within a few minutes (Figure
S4b). Most of the interactions occurred in the cell body. Additionally, a portion of the pEVs was observed on or within the
microglial branches connecting two cells, indicating that pEVs may be transported between microglial cells by direct contact.
After 3 h, we added WGA Alexa 680-conjugated to label the cell membranes (Figure S4c) and found that most of the PKH-
pEVs were internalized by the HMC3 cells. The presence of orange dots confirmed the interaction of some PKH-pEVs with the
membrane of HMC3 cells (Figures S4d,e).
Subsequently, the engulfment of PKH-pEVs fromCTL,HeC ormADpatients byHMC3 cells was quantified using flow cytom-

etry (Figures 5f,g). After 24 h of exposure to PKH-pEVs CTL, the percentage of fluorescent microglial cells was, respectively,
95.20% and 76.30% without and with the Transwell device, indicating that the passive diffusion through the Transwell device
represents around 19% (Figure 5g). The percentage of HMC3 cells internalizing PKH-pEVs was normalized according to the
HMC3 cells with pEVs CTL and insert condition. Hence, compared to a direct treatment (95.2% for pEVs CTL), a significant
decrease in the number of fluorescent HMC3 cells was observed in the presence of the Transwell (76.30% for pEVs CTL) or
with bEnd.3 monolayer (1.28% for pEVs CTL), demonstrating a retention of the PKH-pEVs by the filter and the endothelial cells
(Figure 5g). Interestingly, the internalization by HMC3 cells is higher for pEVs derived from HeC (5.12%) and mAD patients
(7.11%) as compared to pEVs CTL (1.28%).
To gain further insight into the differential effect of the pEVs on the activity of the microglial, the release of IL-6 was analysed

according to their origins (CTL, HeC, mAD). The amount of IL-6 transported by pEVs, either on their surface or as cargo, was
not different between the three groups (mean of 1.48 pg/mL, Figure 5h). In the presence of pEVs CTL, the level of IL-6 released
by HMC3 cells after 24 h was similar to the PBS condition (180.34 and 145.99 pg/mL, respectively, Figure 5i) and consistent
with previous observations (Dello Russo et al., 2018). Interestingly, in the presence of pEVs HeC, the release of IL-6 after 24 h of
treatment (3 388.43 pg/mL) is higher than with LPS (648.5 pg/mL) or with 1 μM of human oAβ1-42 (913.12 pg/mL). The effect of
pEVs mAD on IL-6 was even greater (4 370.63 pg/mL). Given that bEnd.3 cells are murine endothelial cells, the quantification of
IL-6 using a human-specific ELISA enabled us to detect only the cytokines released by human HMC3 cells plated in our in vitro
BBB model. To eliminate the bias of IL-6 coming from pEVs, levels of IL-6 released by HMC3 cells in the presence of bEnd.3
murine cells on the Transwell device were normalized according to the amount transported by pEVs mAD. This confirmed that
in the presence of the BBB model, IL-6 released by microglial cells was detectable on the abluminal side and to a lower extent on
the luminal side (Figure 5j). These results suggest that the cytokine translocated the endothelial cells and circulated in the luminal
chamber. Overall, HMC3 microglial cells produced and released high levels of pro-inflammatory cytokine IL-6 in response to
the pEVs extracted from mAD patients.
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F IGURE  Internalization of pEVs by SK-N-SH neuronal cells after their passage through bEnd.3 endothelial cells in vitro. (a) SK-N-SH cells were
cultured at the bottom without or (b) with bEnd.3 cells seeded on a Transwell for 10 days, then 1 ×1010 pEVs/mL were added at the luminal side for 24 h. (c)
Incubation with PBS for 24 h without PKH-pEVs. (d) Confocal imaging of PKH-pEVs (in red, indicated by arrows) internalized by SK-N-SH cells (nucleus in
blue, β-III Tubulin in green) following a direct treatment or in the presence of bEnd.3 cells in the Transwell device. (e) Internalization of PKH-pEVs (in red,
indicated by arrows) by SK-N-SH cells (40×). (f)–(g) Percentage of SK-N-SH cells internalizing PKH-pEVs quantified by flow cytometry and compared by
ordinary one-way ANOVA, Tukey’s multiple comparisons test. Prior statistical analysis, the normality of each data set was evaluated. Data are expressed in
mean ± SEM with *p ≤ 0.5; **p ≤ 0.05; ***p ≤ 0.005; ****p ≤ 0.0005 with n ≥ 6 per group. pEVs, peripheral EVs.

. Biodistribution of pEVs in zebrafish larvae and diffusion in the brain

The in vivo ability of pEVs to translocate across the blood vessel endothelium to the brain was evaluated in zebrafish larvae as in
our previous studies (Oliveira Silva et al., 2024; Rabanel et al., 2021). To explore the interaction of pEVs with vascular endothelial
cells in vivo, we used the Tg(flk:EGFP) zebrafish model. To confirm the functionality and integrity of the BBB at 2 and 3 dpf,
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F IGURE  Passage of pEVs through bEnd.3 endothelial cells in the presence of HMC3 microglial cells. (a) bEnd.3 cells were cultured on a Transwell for
10 days with HMC3 cells seeded at the bottom, and 1 ×1010 pEVs/mL were added for 24 h. (b) Uptake of PKH-pEVs (in red, indicated by arrows) by bEnd.3
cells (nuclei in blue, Clau-5 in green, ZO-1 in purple). (c)–(d) Percentage of bEnd.3 cells internalizing PKH-pEVs were quantified by flow cytometry and
compared by ordinary one-way ANOVA. Prior statistical analysis, the normality of each data set was evaluated. Data are expressed in mean ± SEM with *p ≤

0.5; **p ≤ 0.05; ****p ≤ 0.0005 with n ≥ 6 per group. pEVs, peripheral EVs.

we conducted a series of preliminary experiments. The permeability of the small particles (10 kDa Dextran) through the blood
vessels was validated, while larger particles (1MDaDextran)were excluded from the brain (Figures S5a,b).We further ascertained
that the fluorescence detected in the brain when the peripheral injection of PKH-pEVs corresponds to pEVs (Figure S5b).
The biodistribution of human pEVs in zebrafish larvae was then assessed, focusing more specifically on pEVs from HeC and

mAD subjects (Figure 6a). At 1-h post-injection (hpi), PKH-pEVs remained largely in the blood circulation (Figure 6b) with
fluorescence being rapidly detected in the trunk blood vessels and the caudal venous plexus (CVP, Figures 6c,d). Interestingly,
at 1 hpi, the brain distribution of pEVs was already visible and seemed to display a sub-cranial diffuse signal, likely around the
developing choroid plexus (CP) (Figures 6c,e). Bright fluorescent spots corresponding to adherent and internalized pEVs in
vascular endothelial cells were detected in the head (Figure S6a) and especially in the CVP (Figure S6b). However, we cannot
exclude that the brighter red spots could also be attributed to CVP resident macrophages, which are known to engulf rapidly
a large amount of particles such as pEVs (Hayashi et al., 2020). At 24 hpi, there was a marked increase of the fluorescence in
the brain of Tg(flk:EGFP) zebrafish compared to the signal recorded at 1 hpi, as confirmed by the analysis of the head-to-body
fluorescence intensity ratio (Figure 6f). In vivo recording of the head at 20X revealed that even at 24 hpi, pEVs were still diffusing
in the blood vessels, as confirmed by the fluorescent filaments observed in the circulation (Figure S6c).
At 1 hpi, imaging the head at 20× magnification further confirmed that pEVs were interacting with the endothelial cells and

diffused outside the vessels into the brain (Figure 7a). Using the Imaris software, at 1 hpi we found that 23.32% of pEVs iso-
lated from HeC and 13.70% of pEVs from mAD were interacting with endothelial cells in the recorded forebrain-midbrain area
(Figures 7b,c,d). At 24 hpi, these interactions were evaluated to 28.15% for pEVs extracted from HeC and 19.53% for pEVs from
mAD. The level of interaction between PKH-pEVs and endothelial cells remained consistent from 1 to 24 hpi (mean of 21.28%),
suggesting a constant and progressive diffusion of pEVs through the endothelial cells over time. At 24 hpi, fluorescence leakage
was still observed in trunk vessels, thereby confirming that pEVs were able to cross the BBB and reach the brainstem. The leakage
of the fluorescence was apparent for both the vicinity of the major brain vessels and the microvessels.
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F IGURE  Internalization of pEVs by HMC3 microglial cells after their passage through bEnd.3 endothelial cells. (a) HMC3 cells were cultured at the
bottom without or (b) with bEnd.3 cells seeded on a Transwell for 10 days, then 1 ×1010 pEVs/mL were added at the luminal side for 24 h. (c) Internalization of
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F IGURE  (Continued)
PKH-pEVs (in red, indicated by arrows) by HMC3 cells (nuclei in blue, Iba1 in green) at 4◦C and 37.5◦C after 1-h and (d) 24 h incubation with or without
bEnd.3 cells on the Transwell device. (e) Internalization of PKH-pEVs (in red) by microglial cells (nucleus in blue, Iba1 in green) confirmed by a z-axis plan
(40×). (f) Percentages of HMC3 cells internalizing PKH-pEVs were quantified by flow cytometry and normalized according to the incubation of microglial
cells with an insert and pEVs CTL in the luminal compartment. Results were compared by ordinary one-way ANOVA and Tukey’s multiple comparisons test.
(g) Percentages of HMC3 cells internalizing PKH-pEVs were quantified by flow cytometry. (h) Levels of IL-6 on pEV samples by ELISA and comparison by
ordinary one-way ANOVA, Tukey’s multiple comparisons test. (i) Quantification of IL-6 released by HMC3 cells in the media following 24 h of treatment with
either PBS, LPS, Aβ or pEVs. Comparison by ordinary one-way ANOVA, Tukey’s multiple comparisons test. (j) Levels of IL-6 released by HMC3 cells in the
presence of bEnd.3 cells and were normalized according to the amount transported by pEVs mAD. IL-6 levels were quantified into both compartments of the
Transwell device and compared by ordinary one-way ANOVA, Tukey’s multiple comparisons test. Prior statistical analysis, the normality of each data set was
evaluated. Data are expressed in mean ± SEM with *p ≤ 0.5; **p ≤ 0.05; ****p ≤ 0.0005 with n ≥ 6 per group.

. Brain homing of pEVs in in vivo conditions

To confirm that pEVs are taken up by cells rather than filling the extracellular space after crossing the BBB, analogous injections
were performed in two transgenic lines Tg(huc:eGFP) and Tg(gfap:eGFP) displaying fluorescently labelled neuronal and glial-
like cells at 2 dpf (Figures 8,9). The fluorescence was similar with or without both inhibitors of the endogenous release of EVs,
Manumycin A and GW4869, indicating that the fluorescence corresponds to the PKH-pEVs injected in the zebrafish (Figure
S7). The signal related to PKH-pEVs was similar with or without both inhibitors. PKH-pEVs were able to cross the BBB and
be internalized by neuronal (Figure S7a) and glial-like cells (Figure S7b). At 1 hpi, neuronal and glial-like cells were filled with
PKH-pEVs and were found confined within cell membranes, outside the vasculature (Figures 8a,d). As expected, most of the
interactions of PKH-pEVs with neuronal and glial-like cells were close to the blood vasculature and the CP, which was con-
firmed by in vivo live imaging in the Tg(huc:eGFP) (Figures S8a, b, c, d, e) and the Tg(gfap:eGFPA) models (Figures S9a, b, c),
respectively. The internalization of pEVs from CTL (data not shown), HeC or mAD patients by these cells was continuous over
time as they crossed the BBB (Figures 8b,e).

Interestingly, the amount of internalization of pEVs by glial-like cells was higher than that by neuronal cells. At 1 hpi, 3.47% to
4.44% of glial-like cells had internalized pEVs fromHeC andmAD, respectively, which increased significantly to 19.37% for pEVs
HeC at 24 hpi (Figures 8c,f). The level of internalization of pEVs mAD by glial-like cells was not different over time (Figure 8f).
Adding up the percentages of internalization of pEVs with endothelial, neuronal and radial glial cells shows that at 1 hpi 28.04%
of pEVs from HeC and 19.15% of pEVs from mAD were detectable in the head and interacting with at least three different cell
types. At 24 hpi, these interactions increased up to 49.86% of pEVs from HeC and 31.77% of pEVs from mAD (Figure 9).
Finally, to study the distribution of pEVs once in the brain in a more complex animal model, pEVs were injected into the

hippocampus of themouse brain. A bi-lateral injection in theCA1 of 2×109 PKH-pEVs derived fromCTL patients was performed
(Figure S10). At 30 min and 1 hpi, PKH-pEVs accumulated around the site of injection, in the circumventricular zones, the
cortex, the hippocampus and in more distant cerebral areas, probably due to the irrigation by cerebral ventricles (Figure S10).
With confocal imaging, we confirmed that several pEVs from CTL were captured by neurons and astrocytes, specifically in the
hippocampus but also in somedistant parts of the cortex (Figure S10b). These results indicate that once in the brain, pEVs diffused
in different cerebral areas, notably via the ventricles and the CSF flow, and were internalized by mouse cerebral cells despite their
human origin. These results also demonstrate that brain homing is species-independent.

 DISCUSSION

EVs have garnered significant interest in the past few years as they are transforming the conventional understanding of intercel-
lular communication. Their capacity to transfer their molecular cargo to both neighbouring and distant recipient cells has been
well documented, and pEVs are increasingly recognized as mediators of blood-brain bidirectional communication (Morad et al.,
2019; van Niel et al., 2018). Recent studies suggest that the peripheral injection of EVs may selectively target and accumulate in
pathologically relevant brain regions (Kur et al., 2020; Perets et al., 2019). It has been proposed that their homing mechanism
could be inflammatory-driven (Perets et al., 2019) and triggered by neuronal activation (Kur et al., 2020). Previously, our research,
along with that of others, has demonstrated that pEVs cargo differs between HeC and mAD (Haddad, Perrotte, Ben Khedher,
et al., 2019; Haddad, Perrotte, Landri, et al., 2019; Haddad et al., 2021). However, the question of whether there is a difference
in the permeability of pEVs through the BBB as well as their uptake by neuronal and microglial cells has not been yet inves-
tigated regarding AD pathogenesis. Furthermore, considering that pEVs have the potential to carry pathogenic, inflammatory,
and oxidative markers (Ben Khedher et al., 2023; Haddad et al., 2021; Perrotte et al., 2020), it is imperative to ascertain whether
pEVs from AD patients cross differently the BBB and propagate within the brain. This knowledge is crucial for apprehending
the influence of peripheral disorders on the pathophysiology of AD. In this study, for the first time, it was demonstrated in in
vitro and in vivo models that pEVs isolated from CTL, HeC and mAD patients cross the BBB, disseminate in the brain, and are
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F IGURE  In vivo biodistribution of pEVs in Tg(flk:EGFP) zebrafish larvae at 2 dpf and 3 dpf. (a) 4.5 nL of PBS or pEVs from either HeC or mAD
patients (1 ×1010 pEVs/mL) were microinjected into the blood circulation of 2 days post-fertilization larvae, and the biodistribution was followed 1 and 24 hpi
by in vivo confocal microscopy. (b) Live confocal images (maximum projection) at 1 and 24 hpi of zebrafish larva bodies (10×), with pEVs in red and blood
vessels in green and (c) magnification of the head and the trunk, with red pEVs are indicated by arrows. (d) Three-dimensional reconstruction on Imaris
software of the trunk and (e) the head of a zebrafish larvae 1 hpi of PKH-pEVs. Endothelial cells are in green, PKH-pEVs from HeC patients are in red,
and colocalization areas are in white. (f) Quantification of the head-to-total body fluorescence intensity ratio was performed using Zen 2.6 software, and
comparisons were made using ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Prior statistical analysis, the normality of each data
set was evaluated. Data are expressed in mean ± SEM **p ≤ 0.05; ***p ≤ 0.005 with n = 7 per group.
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F IGURE  Internalization of pEVs by endothelial cells in Tg(flk:EGFP) zebrafish larvae at 2 and 3 dpf and brain homing. 4.5 nL of PBS or pEVs from
either HeC or mAD patients (1 ×1010 pEVs/mL) were microinjected into the blood circulation of 2 days post-fertilization larvae, and the biodistribution was
followed 1 and 24 hpi by in vivo confocal microscopy. (a) Live confocal images (maximum projection) at 1 and 24 hpi of the head of zebrafish larvae (20×) after
injection of either PBS or pEVs (in red, indicated by arrows). Endothelial cells are in green. (b)–(c) Three-dimensional reconstruction on Imaris software of the
head of the zebrafish in control (CTL) condition or 1 and 24 hpi of PKH-pEVs. Endothelial cells are in green, PKH-pEVs from mAD patients are in red,
and colocalization areas are in white. (d) The percentage of internalization of PKH-pEVs by endothelial cells was quantified by using Imaris software and
analysed by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Prior statistical analysis, the normality of each data set was evaluated
with n = 7 per group.

internalized by neuronal and microglial cells. Interestingly, pEVs can induce the release of the pro-inflammatory cytokine IL-6
by microglial cells, with higher release being observed in the presence of pEVs from mAD. We also demonstrated in a mouse
model that once pEVs reach the CA1 area of the hippocampus, they spread to the cortex, which is consistent with the hypothesis
that EVs can disseminate Tau (Ruan et al., 2021) and Aβ in these cerebral areas (Beretta et al., 2020).
Our data showed a decline in pEVs levels in the serum with age, whereas AD patients showed a notable increase in pEVs lev-

els. All samples were treated in an identical manner throughout the collection and storage process. Consequently, the observed
variation in size and concentration can be solely attributed to biological effects. The levels of pEVs in the bloodstream are deter-
mined by a dynamic balance between their secretion by different cells in the bloodstream and from different organs, and their
clearance rates. They are likely cleared by B cells, monocytes (Eitan et al., 2017) and macrophages (Matsumoto et al., 2020).
Given that phagocytosis by macrophages (Moss et al., 2023) and monocytes are known to be reduced with age (Solana et al.,
2012), the decrease of pEVs levels observed in this study in older individuals could be due to their increased internalization by
B-cells (Eitan et al., 2017). However, we cannot exclude a decrease in their biogenesis and secretion in cognitively healthy elderly
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F IGURE  Brain homing of pEVs and their internalization by neuronal cells in the Tg(huc:EGFP) zebrafish. (a) Live confocal images (maximum
projection) at 1 hpi and 24 hpi of the head of Tg(huc:EGFP) larvae (20× and 40×) after injection of 4.5 nL of PBS or pEVs (1 ×1010 pEVs/mL) from either HeC
or mAD patients (red, indicated by arrows). Neurons are in green and the nucleus in blue. (b) Three-dimensional reconstruction on Imaris software of the head
of the zebrafish 1 and 24 hpi of PKH-pEVs from HeC (20×) and mAD (40×) patients. Neuronal cells are in green, PKH-pEVs are in red, and colocalization
areas are in white. (c) The percentage of neurons engulfing PKH-pEVs was quantified by Zen 2.6 software and compared by ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test.

subjects. Conversely, it could be observed that pEVs levels are increased in mAD as it has been described in other diseases with
systemic inflammation (Ben Khedher et al., 2021; Zhou et al., 2014). This suggests that the EVs biogenesis is enhanced, either to
expel toxic compounds from the cells, or to increase the signalling communications between cells, which may contribute to the
disease progression (Zhou et al., 2014). For instance, it is established that in response to an infection, platelets release a greater
number of EVs in the bloodstream (Kerris et al., 2020). Similarly, in metabolic disorders, the liver, pancreas, platelets, endothelial
cells, erythrocytes and lymphocytes released more EVs into the bloodstream than in healthy subjects (Crewe, 2023; Htike et al.,
2019). Further investigation of the biogenesis of EVs from peripheral organs may offer deeper insight into the aetiology of AD.
Interestingly, pEVs from CTL, HeC and mAD patients exhibit different zeta potential data, displaying a diminished negative

charge with age (−11.95 and −15.03 mV). pEVs from young CTL donors without metabolic disorders have a zeta potential of
−19.15 mV, which is considered as anionic and within the optimal range for biological membranes. This observation suggests
that their enrichment did not alter their property and is not toxic. Since most cellular membranes are negatively charged, anionic
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F IGURE  Brain homing of pEVs and their internalization by glial-like cells in the Tg(gfap:EGFP) zebrafish. (a) Live confocal images (maximum
projection) at 1 and 24 hpi of the head of Tg(gfap:EGFP) larvae (20× and 40×), with pEVs in red (indicated by arrows) and glial-like cells in green. (b)
Three-dimensional reconstruction on Imaris software of the head of the zebrafish 1 and 24 hpi of PKH-pEVs from HeC (20×) and mAD (40×) patients.
Glial-like cells are in green, PKH-pEVs are in red, and colocalization areas are in white. (c) The percentage of glial-like cells capturing PKH-pEVs was
quantified by Zen 2.6 software and compared by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (d) Three-dimensional
reconstruction on Imaris software of PKH-pEVs diffusion into the brain and their internalization by glial-like cells 24 hpi. Prior statistical analysis, the
normality of each data set was evaluated. Data are expressed in mean ± SEM **p ≤ 0.05; ***p ≤ 0.005 with n = 7 per group.
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particles are generally less toxic to the cell wall (Clogston & Patri, 2011). As the surface interactions of EVs may regulate their
organ and cellular tropism, immune recognition, and cellular uptake (Buzás et al., 2018), a lower zeta potential could reflect:
(1) a lower dispersion stability of the pEVs and (2) a change in the protein coronae. In fine, it may compromise their biological
function (Bhattacharjee, 2016). In numerous reports, the protein coronae formed on human pEVs are typically composed of
complement proteins and apolipoproteins such as ApoA1, ApoB, ApoC3, ApoE, complement factors 3 and 4B, fibrinogen α-
chain, immunoglobulin heavy constant γ2 and γ4 chains (Tóth et al., 2021). In addition to the aforementioned proteins, our
recent findings have demonstrated that oAβ1-42, ApoJ and RAGE were also bound to the external layer of pEVs originating
from AD patients (Ben Khedher et al., 2023). It can be inferred that the biodistribution and internalization of pEVs may be
attributed to proteins and glycoproteins present on the surface of both the vesicle and the target cell (Mulcahy et al., 2014),
whereas the transcytosis of pEVs may depend on their size and density (Morad et al., 2019). Consequently, this could impact
their interaction with endothelial cells and their passage to the brain. Our results showed that pEVs derived frommAD patients
seem to compromise the integrity of the bEnd.3 cells cultured in a Transwell device as evidence by a reduction of the TEER
which is comparable to observations in some pathological conditions (Nair et al., 2023; Park et al., 2023). A similar reduction in
the TEER was previously observed in the presence of inflammatory stimuli, such as LPS or TNF-α (Matsumoto et al., 2017; Sun
et al., 2022). As pEVs derived from mAD patients did not alter the expression of tight-junction proteins ZO-1 and Clau-5, the
reduction in the TEER could be due to an alteration of the ionic conductance of the paracellular pathway (Liu et al., 2024).

Our results showed that a mere one-third of pEVs are released by bEnd.3 cells. Subsequently, the uptake of pEVs by microglia
cells increased with age and was higher for pEVs deriving from mAD compared to those from CTL and HeC patients, whereas
neuronal cells showed similar levels of uptake across all pEVs sources, regardless of their origins. This suggests a beneficial role
of microglia-mediated clearance of pEVs containing higher levels of pathological cargo such as pTau and Aβ (Perrotte et al.,
2020). It is noteworthy that after 24 h of incubation, the percentage of pEVs-PKH26 was found to be lower in HMC3 cells than
in SK-N-SH cells, suggesting that microglia may clear pEVs at a higher rate than neuronal cells. Our results are in accordance
with findings by Xia et al., who showed a higher uptake of pEVs from Parkinson’s disease by microglial cells in mice, which
were completely cleared possibly through autophagy after 24 h (Xia et al., 2019). Interestingly, in the presence of the bEnd.3 cells
and following a 24-h treatment with pEVs derived frommAD patients, HMC3 cells underwent morphological transition from a
resting ramified shape to an activated amoeboid phenotype. This amoeboid phenotype has been previously described in response
to Aβ in this cell line (Akhter et al., 2021), reflecting a change in microglial cell activity due to an inflammatory-like trigger. In
our study, this morphological change may be attributed to a dual effect: (1) the cargo of the pEVs derived frommAD patients and
(2) the compromised bEnd.3 endothelial cells, which may release pathogenic mediators such as EVs. Conversely, microglial cells
may release other pathogenic mediators which could compromise the bEnd.3 integrity and participate to the TEER reduction.
In this regard, our results show that pEVs from mAD patients induce a huge release of IL-6, higher than LPS or oAβ1-42.

Secreted IL-6 can, in turn, activate microglia (Lin et al., 2022), increase APP expression (Akiyama et al., 2000), deregulate
the cdk5/p35 pathway resulting in abnormal hyperphosphorylation of Tau protein (West et al., 2022), being deleterious for neu-
rons (Rothaug et al., 2016). It has been demonstrated that in addition to exerting pleiotropic effects on inflammation, immune
response, and haematopoiesis, the increase in the expression and secretion of IL-6 can be associated with various neurological
disorders, including AD (Akhter et al., 2021). In AD patients, elevated levels of IL-6 have been reported in the plasma, cere-
brospinal fluid, and brain parenchyma (Galimberti et al., 2008; Licastro et al., 2000; Swardfager et al., 2010). Our results suggest
that microglia activationmay contribute to the elevated level of IL-6 observed in the blood circulation. In addition, high levels of
IL-6 participate in the disruption of BBB integrity (Blecharz-Lang et al., 2018), which could be in part responsible for the TEER
reduction observed with pEVs from mAD patients. Therefore, our results suggest that pEVs from elderly subjects and, more
notably, from mAD patients which display a distinctive signature (Ben Khedher et al., 2023; Haddad, Perrotte, Landri, et al.,
2019; Perrotte et al., 2020), have the capacity to activate microglia, contribute to the induction of inflammation and promote AD
pathogenesis. This is of particular interest because brain-derived EVs have been demonstrated to play a dual role through their
involvement in neuroprotective and neurodegenerative pathways (Clayton et al., 2021; Fröhlich et al., 2014). On one hand, they
can mitigate disease mechanisms, notably by transferring neuroprotective substances between cells (Long et al., 2020). On the
other hand, they have been demonstrated to accelerate disease progression by facilitating the transfer of toxic proteins, promoting
neuronal loss, and contributing to neuroinflammation (Gabrielli et al., 2022). The findings of this study indicate that pEVs could
contribute to early brain changes associated with AD, particularly in patients experiencing chronic peripheral inflammation (Ng
et al., 2016).
To further assess the in vivo transport across the BBB and brain homing of pEVs, intravascular injections of pEVs were per-

formed on the zebrafish, an excellent model to monitor the systemic circulation of particles, as well as interactions of particles
with blood vessels (Rabanel et al., 2020). Using the Tg(flk:EGFP) model, we demonstrated that injected pEVs distributed in a
few seconds in the body and remained detectable for at least 24 h. The half-life of EVs in the bloodstream remains a topic of
debate, with estimates ranging from a few minutes to hours due to their clearance by phagocytic cells, including macrophages
and neutrophils (Imai et al., 2015). Given that our pEVs were isolated from the blood, they may present specific decorations that
could increase their half-life, notably by acting as a ‘don’t eat me’ signal or by targeting other cell types (Kamerkar et al., 2017). It
has been well documented that the major tissue distribution of systemically administered EVs includes the liver, spleen, kidney,
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lung, and gastrointestinal tract (Varga et al., 2016). This distribution is dependent on numerous factors such as the cellular origin
of EVs, the composition of their vesicular membrane and the pathological condition of the host. It is worth noting that previous
studies, including ours, have consistently detected the detected only small amounts of CNS-derived EV within the blood circula-
tion (Goetzl et al., 2016; Perrotte et al., 2020; Visconte et al., 2023). Our findings revealed that pEVs were mostly found in specific
areas, particularly the trunk blood vessels, the CVP, and the brain. The tropism of EVs in the CVP region is likely due to the
patrolling of macrophages in this tortuous area (Hyenne et al., 2019). The CVP region is also considered functionally equivalent
to a foetal liver, with vascular endothelial cells expressing scavenger receptors on their surface (Hayashi et al., 2020) that are
responsible for the capture of particles (Campbell et al., 2018). The accumulation of fluorescent pEVs into the cardinal vein was
observed at both 1 and 24 hpi, suggesting that some pEVs are engulfed by the scavenging endothelium receptors. Interestingly,
we observed that levels of exogenous pEVs increase with time in the head, with no discernible difference between pEVs derived
from HeC and mAD patients. This accumulation of exogenous pEVs over time was not observed in the periphery.
In vivo, evidence demonstrated that pEVs were able to translocate across the blood vessel endothelium and accumulate pro-

gressively over time in the brain. At 24 hpi, trunk vessels still demonstrated fluorescence leakage confirming that pEVs can pass
through the blood vessels to the brain region. Leakage was apparent around the major brain vessels and even the microves-
sels, which are known to display tight-junction complexes (Jeong et al., 2008). This indicates that the blood-brain passage is an
active transcellular transport rather than a passive paracellular diffusion. The Tg(flk:EGFP) model revealed that pEVs reach the
brain via the endothelial cells. However, alternative pathways such as through the developing CP (Henson et al., 2014) cannot be
excluded in this process. In the zebrafish, the CP possesses size-selective barrier properties as well as transporter activity (Henson
et al., 2014), and might be involved in EV brain delivery as in mammals (Pauwels et al., 2022).
With the two transgenic zebrafish models Tg(huc:EGFP) and Tg(gfap:EGFP, we showed that pEVs were rapidly internalized

(in less than 1-h) by neuronal and glial-like cells, rather than remaining in the extracellular space following their translocation
across the BBB. The Tg(huc:EGFP) line is a powerful geneticmodel that allows real-time visualization of the fate of pEVs by living
neurons in vivo (Park et al., 2000). Similarly, Tg(gfap:EGFP) line is an interesting model as it exhibits labelled glial-like cells with
complex branched morphology remarkably similar to those observed in mammals (Chen et al., 2020). These cells are in contact
neurons, synapses andmicrovasculature, but they do not exhibit the classic stellarmorphology of astrocytes and lack polarization
of Aqp4 (Grupp et al., 2010; Jeong et al., 2008). Instead, they express GFAP-positive radial glial cells (Grupp et al., 2010). The
majority of neuronal and glial-like cells associated with PKH-pEVs were located in close proximity to the blood vasculature and
the CP. Analysis by the Imaris software revealed that the internalization of pEVs by glial-like cells was 10 times higher than by
neurons, reaching a maximum after 1-h for pEVs from mAD patients probably due to a higher clearance. Interestingly, a great
number of pEVs were found in low-density brain areas such as the pallium, which is a cerebral area similar to the hippocampus
in mammals (Vaz et al., 2019).
Moreover, our confocal analysis indicated that labelled pEVs appeared to diffuse progressively into the skin of the zebrafish

head. This diffusion was probably due to the presence of a lymphatic vessel network on the inner lining of the zebrafish skull
(Castranova et al., 2021), which is similar to the meningeal lymphatic system found across mammals (van Lessen et al., 2017).
While the mammalian glymphatic-paravascular clearance mechanism is a vascular entity involved in physiological and patho-
logical conditions such as AD (Han et al., 2021), our results suggest that they are involved in pEVs clearance in the zebrafish
model.
Finally, the dissemination of pEVs in the brain and their internalization by NeuN-positive neurons and GFAP-positive astro-

cytes were validated in the mouse brain. Once in the hippocampus, pEVs can spread in the different parts of its structure, as well
as the cerebellum and the CP. Similarly, other studies reported the same tropism by injecting PKH-labelled sEVs in the lateral
ventricles (Grapp et al., 2013) or in the tail vein ofWTmice (Morales-Prieto et al., 2022). Furthermore, it has been demonstrated
that pEVs isolated from the blood of aged mice can traverse the BBB and activate the glial cells of young mice (Morales-Prieto
et al., 2022). Altogether, these results and ours reinforce the notion that pEVs can contribute to neuroinflammation. Thus, these
results pave the way to novel mechanisms in AD pathogenesis and therapeutic targets by modulating peripheral inflammation.

 CONCLUSION

The current evidence suggests that AD is not a neuron-dominant disease. Instead, it appears that brain-dwelling non-neuronal
cells and peripheral immune cells play a key role. Accordingly, a paradigmatic shift is needed to consider AD as a systemic disease.
EVs have attracted considerable interest for their involvement in intercellular communication. However, previous studies have
suggested that EVs transfer from the peripheral circulation to the CNS is uncommon under physiological conditions, with EVs
accumulating in the liver, kidney, and spleen. The present study demonstrates that pEVs from adults, cognitively healthy elderly
and AD patients can cross the BBB and reach the brain in vitro and in vivo. For the first time, we have highlighted the role
of pEVs, particularly from AD patients, in microglial reactivity and its potential impact on AD through IL-6 secretion and
BBB disruption. Our results put forward the hypothesis that systemic disorders, through pEVs, may trigger or accelerate the
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progression of AD, which pave the way for novel therapeutic targets by modulating peripheral inflammation, pEVs biogenesis
or translocation through the BBB.
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